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(54)  Broadband  coupler 

(57)  A  fused  optical  fiber  coupler  comprising  a  first 
pair  of  axially  elongated  cylindrical  fibers,  each  having 
a  circular  transverse  cross-section  of  a  first  diameter, 
the  first  pair  of  fibers  being  in  fused  contact  with  each 
other  along  a  continuous  line  and  forming  grooves  on 

opposite  sides  of  the  line.  A  second  pair  of  axially  elon- 
gated  cylindrical  fibers  each  having  a  circular  transverse 
cross-section  of  a  second  diameter  different  than  the 
first  diameter  of  the  first  pair  of  fibers,  one  fiber  from  the 
second  pair  of  fibers  being  disposed  in  each  of  the 
grooves  and  fused  to  each  of  the  first  pair  of  fibers. 
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Description 

Field  of  the  Invention 

The  present  invention  relates  generally  to  couplers 
for  optical  fibers,  and  more  particularly  to  fiber  optic  split- 
ters  operable  over  a  broadband  of  wavelengths. 

Background  of  the  Invention 

Fiber  optics  are  widely  used  in  many  diverse  appli- 
cations,  including  telecommunication  systems,  instru- 
mentation  and  sensing  operations.  An  example  of  such 
an  application  is  a  multi-access  optical  telecommunica- 
tions  network.  In  such  a  network,  optical  fiber  connects 
a  number  of  users  or  subscribers  to  a  central  office  using 
passive  couplers.  This  type  of  network  is  particularly  at- 
tractive  since  there  are  typically  no  active  optical  devic- 
es  located  outside  of  the  central  office  or  subscriber  lo- 
cations. 

An  optical  fiber  typically  includes  an  inner  core  re- 
gion  surrounded  by  an  outer  cladding  made  of  a  similar 
material.  The  inner  core  has  a  relatively  higher  index  of 
refraction  than  the  cladding,  resulting  in  total  internal  re- 
flection  of  the  light  beam  within  the  core.  This  results  in 
very  efficient  transmission  of  light  through  the  core.  Light 
may  be  transferred  or  split  between  separate  fibers 
through  the  use  of  a  fiber  optic  coupler.  One  extensively 
used  type  of  fiber  optic  coupler  is  a  fused  biconically  ta- 
pered  (FBT)  coupler.  In  one  method  of  producing  such 
a  fiber  optic  coupler,  a  number  of  optical  fibers  are  held 
in  axial  alignment  and  elongated  while  being  heated. 
This  process  creates  a  biconically  tapered  region  or 
waist  wherein  the  optical  fibers  are  fused  together  and 
the  optical  signals  from  one  or  more  optical  fibers  can 
be  coupled  to  or  split  between  the  other  optical  fibers. 

The  basic  optical  performance  of  fiber  optic  cou- 
plers  can  be  described  by  three  fundamental  quantities: 
excess  loss,  insertion  loss  and  uniformity.  The  excess 
loss,  expressed  in  decibels  (dB),  is  a  measure  of  how 
much  light  or  optical  energy  is  lost  in  the  coupling  proc- 
ess.  Excess  loss  is  defined  as  the  ratio  of  the  total  output 
power  to  the  amount  of  optical  power  launched  into  the 
input  fiber  of  the  coupler.  The  ratio  of  the  optical  power 
in  one  of  the  output  fibers  relative  to  the  input  optical 
power  is  known  as  the  insertion  loss.  The  insertion  loss 
is  also  often  expressed  in  decibels.  Another  term  often 
used  to  characterize  the  optical  performance  of  couplers 
is  uniformity.  Uniformity  is  a  measure  of  the  spread  in 
the  insertion  losses  of  the  coupler.  It  is  also  expressed 
in  decibels  and  is  defined  as  the  difference  between  the 
maximum  and  minimum  values  of  insertion  loss. 

Many  of  the  fiber  optic  couplers  in  use  today  are 
designed  to  operate  effectively  over  only  a  narrow  range 
or  "window"  of  wavelengths.  The  most  common  wave- 
lengths  of  interest  for  telecommunication  applications 
are  those  centered  around  1310  nm  and  1550  nm. 
These  fiber  optic  couplers,  often  called  single  window 

couplers,  essentially  provide  equal  splitting  of  light  from 
one  or  more  input  fibers  to  a  number  of  output  fibers  at 
a  preselected  wavelength.  The  insertion  loss  of  each 
output  port  for  such  a  single  window  coupler  changes 

5  as  a  function  of  the  wavelength  of  the  transmitted  light. 
In  particular,  as  the  wavelength  of  the  transmitted  light 
varies  from  the  center  of  the  wavelength  window,  the 
optical  power  in  the  output  fibers  (i.e.,  insertion  loss) 
tends  to  diverge  from  the  ideal  value  and  the  uniformity 

10  becomes  quite  large.  This  behavior  typically  limits  the 
use  of  such  single  window  couplers  to  within  +20  nm  of 
the  center  of  the  wavelength  window. 

In  many  optical  fiber  telecommunication  applica- 
tions,  simultaneous  operation  within  both  1310  nm  and 

is  1  550  nm  wavelength  windows  is  required  in  orderto  pro- 
vide  both  telephony  and  broadband  services.  In  these 
applications,  broadband  fiber  optic  couplers,  which  ex- 
hibit  a  relatively  constant  insertion  loss  over  a  broad 
range  of  wavelengths,  are  required. 

20  Traditionally,  2x4  couplers  have  been  fabricated  by 
concatenating  three  1x2  or  2x2  couplers  to  form  the  de- 
sired  configuration.  The  resulting  tree  structure  has  a 
fairly  large  package  size,  which  can  be  a  problem  when 
the  space  allotted  for  the  coupler  is  limited. 

25  Recent  advances  have  allowed  2x4  couplers  to  be 
built  without  the  need  for  concatenation.  For  example, 
see  U.S.  Letters  Patent  No.  5,355,426  to  Daniel  et  al., 
which  discloses  a  process,  wherein  four  fibers  of  mis- 
matched  diameters  are  fused  at  a  single  point  to  achieve 

30  a  broadband  response.  This  technique  basically  re- 
quires  three  different  fiber  diameters  to  be  created  prior 
to  fusion.  A  difficulty  with  this  technique  is  that  precise 
fiber  diameter  ratios  must  be  maintained  for  optimum 
performance.  Variations  in  the  diameter  ratios  will  cause 

35  an  increase  in  uniformity,  and  the  diameter  ratios  can  be 
difficult  to  control  when  three  different  fiber  diameters 
are  required. 

The  present  invention  overcomes  these  and  other 
problems  and  provides  a  2x4  broadband  coupler  and  a 

40  method  for  producing  same,  which  apparatus  and  meth- 
od  utilize  two  fiber  diameters,  and  provides  a  coupler 
which  is  easier  to  manufacture  and  which  has  improved 
operating  characteristics. 

45  Summary  of  the  Invention 

In  accordance  with  the  present  invention,  there  is 
provided  a  fused  optical  fiber  coupler  comprised  of  a  first 
pair  of  axially  elongated  cylindrical  fibers,  the  fibers  of 

so  the  first  pair  each  having  a  circular  transverse  cross- 
section  of  a  first  diameter.  The  first  pair  of  fibers  are  in 
fused  contact  with  each  other  and  form  grooves  on  op- 
posite  sides  of  their  line  of  contact.  A  second  pair  of  ax- 
ially  elongated  cylindrical  fibers  having  a  circular  trans- 

55  verse  cross-section  different  than  the  first  pair  of  fibers 
are  disposed  in  the  grooves  and  fused  to  each  of  the 
first  pair  of  fibers. 

In  accordance  with  another  aspect  of  the  present 

2 
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invention,  there  is  provided  a  method  of  forming  a  broad- 
band  fiber  optic  coupler,  comprising  the  steps  of: 

a)  arranging  a  first  optical  fiber  and  a  second  optical 
fiber  side-by-side; 
b)  wrapping  and  tensioning  the  first  and  second  op- 
tical  fibers  to  bring  them  into  intimate  contact; 
c)  simultaneously  heating  and  tensioning  the  fibers 
until  the  first  and  second  optical  fibers  fuse  together, 
the  two  fibers  forming  grooves  along  opposite  sides 
of  their  line  of  contact; 
d)  positioning  a  third  optical  fiber  in  intimate  contact 
with  the  first  and  second  optical  fibers  within  one  of 
the  grooves  formed  by  the  fused  optical  fibers,  and 
positioning  a  fourth  optical  fiber  in  intimate  contact 
with  the  first  and  second  optical  fibers  within  the  oth- 
er  groove  formed  by  the  fused  optical  fibers;  and 
e)  heating,  elongating  and  fusing  the  four  optical  fib- 
ers  together  to  achieve  broadband  coupling. 

In  accordance  with  another  aspect  of  the  present 
invention,  there  is  provided  a  fused  fiber  optic  coupler 
formed  by  the  process  of: 

a)  arranging  a  first  optical  fiber  and  a  second  optical 
fiber  side-by-side; 
b)  wrapping  and  tensioning  the  first  and  second  op- 
tical  fibers  to  bring  them  into  intimate  contact; 
c)  simultaneously  heating  and  tensioning  the  fibers 
until  the  first  and  second  optical  fibers  fuse  together, 
the  two  fibers  forming  grooves  along  opposite  sides 
of  their  line  of  contact; 
d)  positioning  a  third  optical  fiber  in  intimate  contact 
with  the  first  and  second  optical  fibers  within  one  of 
the  grooves  formed  by  the  fused  optical  fibers,  and 
positioning  a  fourth  optical  fiber  in  intimate  contact 
with  the  first  and  second  optical  fibers  within  the  oth- 
er  groove  formed  by  the  optical  fibers;  and 
e)  heating,  elongating  and  fusing  the  optical  fibers 
together  to  achieve  broadband  coupling. 

In  accordance  with  another  aspect  of  the  present 
invention,  there  is  provided  a  broadband  fiber  optic  cou- 
pler  for  single  mode  fibers  comprising  a  thermally  fused 
lateral  intersection  of  four  optical  fibers  forming  a  drawn 
fused  tapered  coupling  region.  A  first  two  fibers  of  the 
four  fibers  are  in  fused  coupled  contact  with  each  other 
in  the  coupling  region.  The  remaining  two  fibers  are  dis- 
posed  on  opposite  sides  of,  and  in  fused  coupled  con- 
tact  with,  the  first  two  fibers  wherein  the  remaining  two 
fibers  are  in  the  coupling  region. 

It  is  an  object  of  the  present  invention  to  provide  a 
fiber  optic  coupler  having  improved  broadband  behav- 
ior. 

Another  object  of  the  present  invention  is  to  provide 
a  fiber  optic  coupler  as  described  above  which  is  easier 
and  less  costly  to  fabricate  than  couplers  known  here- 
tofore. 

Another  object  of  the  present  invention  is  to  provide 
a  fiber  optic  coupler  as  described  above  which  utilizes 
only  two  fiber  diameters. 

A  still  further  object  of  the  present  invention  is  to 
5  provide  a  fiber  optic  coupler  as  described  above  which 

has  a  flatter  spectral  response  than  optical  devices  uti- 
lizing  three  fiber  diameters. 

A  still  further  object  of  the  present  invention  is  to 
provide  a  fiber  optic  coupler  as  described  above  which 

10  is  operable  over  a  wider  range  of  wavelengths. 
A  still  further  object  of  the  present  invention  is  to 

provide  a  fiber  optic  coupler  as  described  above  which 
may  be  used  as  a  1x4  coupler  or  a  2x4  coupler. 

A  still  further  object  of  the  present  invention  is  to 
is  provide  a  method  of  producing  a  coupler  as  described 

above. 
A  still  further  object  of  the  present  invention  is  to 

provide  a  method  of  producing  couplers  as  described 
above  which  require  only  one  fiber  reduction. 

20  A  still  further  object  of  the  present  invention  is  to 
provide  a  method  as  described  above  which  is  consist- 
ent  and  repeatable. 

These  and  other  objects  and  advantages  will  be- 
come  apparent  from  the  following  description  of  a  pre- 

25  ferred  embodiment  of  the  invention  taken  together  with 
the  accompanying  drawings. 

Brief  Description  of  the  Drawings 

30  The  invention  may  take  physical  form  in  certain 
parts  and  arrangement  of  parts,  an  embodiment  of 
which  is  described  in  detail  in  the  specification  and  illus- 
trated  in  the  accompanying  drawings  wherein: 

35  FIGS.  1  -7  show  steps  in  forming  a  broadband  fiber 
optic  coupler  according  to  a  preferred  embodiment 
of  the  present  invention; 
FIGS.  8A-8E  are  enlarged  cross-sectional  views 
taken  at  several  locations  along  the  fiber  optic  struc- 

40  ture  shown  in  FIG.  2; 
FIGS.  9A-9E  are  enlarged  cross-sectional  view  tak- 
en  at  several  locations  along  the  fiber  optic  structure 
shown  in  FIG.  6; 
FIGS.  10-11  show  steps  of  forming  a  broadband  fib- 

45  er  optic  coupler  according  to  an  alternate  embodi- 
ment  of  the  present  invention; 
FIG.  12  is  a  graphical  illustration  of  the  spectral  re- 
sponse  as  a  function  of  wavelength  for  light 
launched  into  the  first  input  fiber  of  a  fused  broad- 

50  band  2x4  fiber  optic  coupler  constructed  in  accord- 
ance  to  the  present  invention;  and 
FIG.  13  is  a  graphical  illustration  of  a  spectral  re- 
sponse  as  a  function  of  wavelength  for  light 
launched  into  the  second  input  fiber  of  a  fused 

55  broadband  2x4  fiber  optic  coupler  constructed  in  ac- 
cordance  to  the  present  invention. 
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Detailed  Description  of  Preferred  Embodiment 

Referring  now  to  the  drawings  wherein  the  show- 
ings  are  for  the  purpose  of  illustrating  a  preferred  em- 
bodiment  of  the  invention,  and  not  for  the  purpose  of 
limiting  same,  FIGS.  1  -6  illustrate  a  method  of  fabricat- 
ing  a  2x4  broadband  fiber  optic  coupler  in  accordance 
with  the  present  invention. 

According  to  with  the  present  invention,  four  lengths 
of  single  mode  optical  fiber  are  stripped  of  all  protective 
buffers  and  coatings  so  as  to  expose  a  region  of  bare 
glass  for  a  length  of  approximately  one  inch.  The  ex- 
posed  regions  of  two  of  the  four  fibers,  designated  1  and 
2  in  the  drawings,  are  brought  together  side-by-side,  as 
shown  in  FIGS.  1  and  2.  In  the  drawings,  all  optical  fibers 
are  shown  without  protective  buffers  or  coatings,  and 
one  end  of  the  fibers  is  shown  sectioned  to  illustrate  gen- 
erally  the  core  and  cladding  of  each  optical  fiber.  Ac- 
cording  to  the  present  invention,  fibers  1  and  2  are  care- 
fully  wrapped  over  each  other  several  times  to  join  one 
to  the  other  and  thereby  create  a  "wrapped  fiber  zone." 
As  used  hereinafter,  the  phrase  "wrapped  fiber  zone" 
refers  to  the  lengths  of  the  exposed  region  of  fibers  1  ,2 
which  are  wrapped  relative  to  each  other.  FIG.  2  illus- 
trates  a  portion  of  the  wrapped  fiber  zone.  In  FIG.  2,  fiber 
1  is  wrapped  around  fiber  2  and  the  respective  fibers 
have  moved  1  80°  from  their  original  positions  relative  to 
a  line  of  contact  designated  "A,"  as  best  illustrated  in 
FIGS.  8A-8C.  FIG.  8E  illustrates  the  position  of  fibers  1  , 
2  where  fibers  1  ,  2  have  been  wrapped  completely,  i.e., 
have  moved  360°  from  their  initial  positions.  As  used 
hereinafter,  one  "wrap"  shall  be  defined  as  the  change 
in  position  of  fibers  1,  2,  as  illustrated  in  FIGS.  8A-8E. 

According  to  the  embodiment  heretofore  described, 
fibers  1  and  2  in  the  "wrapped  fiber  zone"  include  at  least 
one  "wrap"  (i.e.,  one  360°  spiral).  It  is  important  to  note 
that  fibers  1  and  2  are  carefully  "wrapped"  relative  to 
one  another  (as  contrasted  with  "twisting"  the  two  fibers) 
so  as  to  avoid  introducing  any  internal  torsional  stress 
in  fibers  1  ,  2  which  may  adversely  affect  the  polarization 
properties  of  light  propagating  therethrough.  In  other 
words,  twisting  of  the  individual  fibers  is  to  be  avoided 
because  of  the  detrimental  effect  such  twisting  has  on 
the  optical  properties  of  fibers  1,  2.  In  this  respect,  the 
desired  "wrapping"  of  fibers  1  and  2  should  not  be  ac- 
complished  by  clamping  the  ends  thereof  and  twisting 
them  about  a  central  axis. 

With  fibers  1  and  2  carefully  wrapped  relative  to 
each  other,  the  axial  ends  of  fibers  1  ,  2  are  then  pulled 
taut  so  as  to  bring  the  two  fibers  1  ,  2  into  contact  with 
each  other.  As  indicated  above,  FIGS.  8A-8E  show  the 
relative  position  of  fibers  1,  2  at  various  spaced  apart 
locations  along  one  "wrap."  When  fibers  1  ,  2  are  pulled 
taut,  a  continuous  line  of  contact  is  formed  between  fib- 
ers  1  and  2.  Ideally,  fibers  1,  2  would  be  arranged  in 
such  a  manner  so  as  to  produce  a  line  of  contact  along 
a  straight  linear  axis.  In  reality,  because  fibers  1  and  2 
are  wrapped  about  each  other,  the  line  of  contact  be- 

tween  fibers  1  and  2  is  not  along  an  exact,  true  "straight 
line"  or  "axis,"  but  rather  is  along  a  line  which  is  curvi- 
linear,  having  a  contour  which  may  best  be  described 
as  helical  with  an  extremely  gentle  pitch.  Accordingly, 

5  as  used  herein,  the  term  "line"  is  intended  to  describe  a 
line  which  may  be  straight  or  curvilinear.  Accordingly, 
when  fibers  1,  2  are  pulled  taut,  a  line  of  contact  is 
formed  in  the  wrapped  fiber  zone.  The  line  of  contact, 
designated  "A"  in  the  drawing,  is  generally  straight  or 

10  curvilinear. 
With  fibers  1  and  2  in  contact  with  each  other,  heat 

is  applied  to  the  exposed  regions  of  the  glass.  According 
to  the  present  invention,  a  gas  flame,  designated  20  in 
FIG.  3,  is  used  to  provide  the  necessary  heat.  (As  will 

is  be  appreciated  by  those  skilled  in  the  art,  flame  20  de- 
picted  in  FIG.  3  is  not  drawn  to  scale.)  Fibers  1  ,  2  may 
also  be  heated  by  laser  energy,  induction  heating  or  any 
other  heating  means,  without  deviating  from  the  present 
invention.  Flame  20  is  applied  to  the  exposed  region  of 

20  glass  of  fibers  1  ,  2  to  soften  same.  As  illustrated  in  FIG. 
3,  flame  20  is  moved  along  fibers  1  ,  2  along  a  portion  of 
the  wrapped  fibers  1,  2.  While  flame  20  moves  along 
fibers  1  ,  2,  they  are  slowly  pulled  axially  from  one  direc- 
tion.  Fibers  1  ,  2  are  axially  pulled  as  schematically  rep- 

25  resented  by  arrow  "P"  in  FIG.  3  in  order  to  stretch  fibers 
1  ,  2  and  reduce  their  diameters.  The  heated  sections  of 
fibers  1  ,  2  have  a  constant  yet  reduced  diameter  over 
the  length  of  the  wrapped  fibers  1  ,  2  scanned  by  flame 
20.  The  final  diameter  of  fibers  1  ,  2  in  the  heated  region 

30  is  controlled  by  the  length  fibers  1  ,  2  are  stretched.  It  is 
important  to  note  that  a  uniform  relative  motion  between 
fibers  1,  2  and  flame  20  is  required  to  obtain  constant 
fiber  diameters  along  the  heated  sections  of  fibers  1  ,  2. 
The  method  of  reducing  the  fibers  as  heretofore  de- 

35  scribed  is  discussed  in  U.S.  Letters  Patent  No. 
4,798,438,  the  disclosure  of  which  is  incorporated  here- 
in  by  reference.  Axial  force  "P"  exerted  on  fibers  1,  2, 
also  ensures  that  fibers  1  ,  2  remain  in  contact  during  the 
heating  of  the  fibers.  According  to  the  present  invention, 

40  the  actual  reduction  in  size  of  fibers  1  ,  2  is  relatively 
slight.  Preferably,  the  length  of  fibers  1  ,  2  are  stretched 
such  that  the  actual  reduction  in  the  diameter  of  fibers 
1  ,  2  is  less  than  10%,  and  more  preferably  about  5%.  In 
this  respect,  for  the  purpose  of  illustration,  the  resulting 

45  diameters  of  fibers  1  ,  2  as  shown  in  FIGS.  3-7,  are  no- 
ticeably  smaller  than  the  original  diameters  of  fibers  1  , 
2  shown  in  FIG.  2  and  smaller  than  the  diameters  of  fib- 
ers  3,  4  in  FIGS.  4-6.  This  exaggeration  is  merely  to  in- 
dicate  that  a  change  in  the  diameter  exists,  and  is  not 

so  intended  to  represent  the  actual  relative  change.  Impor- 
tantly,  in  addition  to  reducing  the  diameters  of  fibers  1  , 
2,  the  heating  and  pulling  of  the  two  contacting  fibers  1  , 
2,  fuses  fibers  1  ,  2  together  into  a  single  twin-fiber  struc- 
ture  along  the  heated  length  as  a  result  of  the  softening 

55  of  the  glass.  Also,  it  is  important  that  the  wrapping  of 
fibers  1  ,  2  produces  continuous  linear  contact  between 
fibers  1  ,  2  when  fibers  1  ,  2  are  pulled  taut.  The  resulting 
twin-fiber  structure  is  therefore  fused  together  along  a 

4 
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line  of  contact.  Wrapped  and  fused  fibers  1  ,  2  produce 
grooves  or  recesses  1  3,  1  4  formed  on  opposite  sides  of 
the  fused  fibers  1,  2.  These  diametrically  opposed 
grooves  or  recesses  1  3,  1  4  spiral  along  a  generally  hel- 
ical  path  around  the  line  of  contact  of  the  fused  fibers  1  , 
2. 

A  third  fiber  3  is  wrapped  about  fused  fibers  1  ,  2,  as 
schematically  shown  in  FIGS.  4  and  9..  Third  fiber  3  is 
positioned  to  one  side  of  fused  fibers  1  ,  2  within  helical 
groove  13.  Third  fiber  3  is  assembled  with  fused  fibers 
1  ,  2  basically  by  winding  it  in  the  same  direction  of  wrap 
as  fused  fibers  1,  2.  Third  fiber  3  is  then  pulled  taut  at 
its  axial  ends  to  cause  it  to  seat  or  nest  itself  into  groove 
1  3,  ensuring  contact  with  both  fibers  1  ,  2.  In  this  respect, 
because  fibers  1  ,  2  are  fused  together,  there  is  no  rela- 
tive  movement  between  fibers  1  ,  2  when  third  fiber  3  is 
wrapped  around  and  pulled  taut.  As  a  result  of  the  slight 
wrap  of  third  fiber  3,  the  axial  force  pulling  third  fiber  3 
taut  produces  radial  forces  directed  toward  fibers  1,  2. 
These  forces  cause  third  fiber  3  to  move  into  contact 
with  fused  fibers  1  ,  2  thereby  ensuring  a  positive  seating 
or  nesting  of  third  fiber  3  in  groove  1  3,  and  thereby  en- 
suring  good  contact  between  third  fiber  3  and  fused  fib- 
ers  1,  2. 

As  schematically  shown  in  FIG.  5,  a  fourth  fiber  4  is 
similarly  positioned  to  the  side  of  the  fused  fibers  1,  2 
within  groove  1  4  and  is  wrapped  around  the  now  three- 
fiber  bundle.  Again,  it  is  important  to  ensure  that  fourth 
fiber  4  is  wrapped  around  fused  fibers  1  ,  2  in  the  same 
wrap  direction  as  is  initially  introduced  to  fused  fibers  1  , 
2.  Again,  by  pulling  the  end  of  fourth  fiber  4  in  an  axial 
direction,  radial  forces  are  exerted  on  fourth  fiber  4  caus- 
ing  it  to  seat  itself  in  groove  1  4,  thereby  ensuring  contact 
with  both  fibers. 

With  third  and  fourth  fibers  3,  4  pulled  taut,  the  four- 
fiber  bundle  is  then  heated,  as  schematically  illustrated 
in  FIG.  6,  with  sufficient  heat  to  soften  the  glass.  Heat 
source  20  preferably  oscillates  back  and  forth  parallel 
to  the  fiber  bundle.  Fibers  1  -4  are  pulled  simultaneously 
from  both  sides  while  light  is  launched  into  one  of  the 
original  fused  fibers  1,  2.  By  conventionally  known 
means,  the  light  exiting  each  of  the  four  output  ports  (fib- 
ers)  is  monitored  using  a  photodetector  (not  shown).  As 
fibers  1-4  are  heated  and  pulled,  light  begins  to  couple 
from  the  input  fiber  to  the  other  fibers  in  the  bundle.  The 
heating  and  elongation  process  is  continued  until  the 
percentage  of  light  in  each  of  the  output  ports  of  the  cou- 
pler  is  substantially  equal  at  both  1  31  0  nm  and  1  550  nm. 
Once  this  condition  is  met,  the  heating  and  stretching  of 
fibers  1-4  is  then  terminated.  The  heating  and  elonga- 
tion  process  thus  produces  a  drawn  fused  tapered  cou- 
pling  region,  as  schematically  shown  in  FIG.  7,  which 
may  then  be  attached  to  a  silica  substrate  or  other  sup- 
port  surface  (not  shown). 

The  broadband  performance  of  a  2x4  coupler  fab- 
ricated  in  accordance  with  the  present  invention  is  illus- 
trated  in  FIGS.  12  and  13.  The  test  data  were  obtained 
by  injecting  white  light  into  launch  fibers  1  and  2  and 

scanning  the  outputs  of  fibers  1  ,  2,  3  and  4  with  an  op- 
tical  spectrum  analyzer.  As  shown  in  FIGS.  12  and  13, 
the  maximum  insertion  losses  of  the  coupler  were  less 
than  7.5  dB  over  the  extended  wavelength  range  of 

5  1250  nm  to  1600  nm.  Similarly,  for  launch  fibers  1  and 
2,  the  uniformity  of  the  four  outputs  was  less  than  2  dB. 
Hence,  the  2x4  coupler  exhibits  uniform  and  broadband 
coupling  over  an  extended  range  of  wavelengths.  The 
nearly  identical  behavior  of  the  coupler  when  light  is 

10  launched  into  fibers  1  and  2  clearly  demonstrates  the 
ability  of  the  coupler  to  function  as  either  a  1x4  or  2x4 
splitter.  The  present  invention  also  offers  advantages 
over  other  methods  resulting  in  an  easier,  more  reliable 
and  reproducible  method  of  fabrication. 

is  Referring  now  to  FIGS.  10  and  11  ,  an  alternate  em- 
bodiment  of  the  present  invention  is  shown.  FIG.  10 
shows  two  lengths  of  optical  fiber,  designated  101,  1  02. 
Fibers  101,  1  02  are  stripped  of  all  protective  buffers  and 
coatings  so  as  to  expose  regions  of  bare  glass.  The  ex- 

20  posed  regions  of  glass  are  polished,  or  otherwise 
formed,  to  define  flat  surfaces  101a,  102a  axially  along 
one  side  of  fibers  101,  102.  Fibers  101,  102  are  then 
positioned  side-by-side  and  forced  together  with  surfac- 
es  101a,  102a  in  contact  with  each  other.  As  will  be  ap- 

25  preciated,  flat  surfaces  101a,  102a,  facilitate  maintain- 
ing  fibers  101,  1  02  together  without  one  fiber  shifting  or 
sliding  over  the  other.  As  in  the  prior  embodiment,  the 
exposed  regions  of  fibers  101  ,  102  are  then  heated,  in 
a  manner  as  described  above,  and  pulled  to  fuse  fibers 

30  1  01  ,  1  02  together,  and  to  slightly  reduce  the  cross-sec- 
tion  thereof.  As  with  the  prior  embodiment,  fused  fibers 
101,  1  02  form  grooves  or  recesses  113,  1  1  4  on  the  op- 
posite  sides  thereof.  A  third  fiber  1  03  may  be  positioned 
in  groove  113  and  a  fourth  fiber  104  may  be  positioned 

35  within  groove  1  1  4.  The  four  fiber  bundle  is  pulled  taut  in 
a  manner  as  described  above.  Simultaneously,  the  four 
fiber  bundle  is  heated  and  pulled  while  light  is  launched 
into  one  of  the  original  two  fibers  101,  1  02.  The  heating 
and  elongating  process  is  continued  until  the  percent- 

40  age  of  light  in  each  of  the  output  ports  of  the  coupler  is 
substantially  equal  at  both  1310  nm  and  1550  nm. 

Whereas  the  embodiment  previously  discussed  uti- 
lized  the  inward  axial  force  caused  by  the  wrapping  of 
the  fibers  to  maintain  contact  between  the  initial  two  fib- 

45  ers  1  ,  2,  the  later  described  embodiment  utilizes  flat  sur- 
faces  101a,  102a  to  facilitate  mating  and  contact  be- 
tween  initial  fibers  101,  102.  In  both  embodiments,  the 
third  and  fourth  fibers  are  positioned  and  nest  within  the 
grooves  or  recesses  formed  by  the  fused  initial  two  fib- 

so  ers,  thereby  ensuring  proper  positioning  and  contact  be- 
tween  the  fibers. 

The  present  invention  thus  provides  couplers  hav- 
ing  a  more  uniform  spectral  response  over  a  wide  band 
of  wavelengths.  It  is  believed  that  the  accurate  position- 

's  ing  and  alignment  of  the  fibers  in  positive  contact  with 
each  other  facilitates  the  improved  operating  character- 
istic  of  couplers  according  to  the  present  invention.  As 
seen  in  FIGS.  8  and  9,  each  fiber  in  the  coupler  is  in 
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intimate  contact  with  the  launch  fiber  prior  to  elongation 
and  coupling.  It  is  believed  that  this  positioning  and  the 
relative  initial  spacing  between  the  cores,  which  spacing 
is  fairly  similar  because  of  the  similarly  sized  fiber  and 
minimum  reduction  during  the  fusing  step,  contribute  to  s 
the  exceptional  performance  of  couplers  formed  accord- 
ing  to  the  present  invention.  It  is  also  believed  that  im- 
proved  operating  characteristics  results  from  the  use  of 
only  two  different  fiber  diameters,  as  contrasted  with 
three  or  more  different  diameters.  By  using  two  pairs  of  10 
similar  sized  fibers,  the  positions  and  positioning  of  the 
fibers  relative  to  each  other  are  more  accurately  control- 
led,  and  facilitate  the  accurate  alignment  discussed 
above. 

Importantly,  the  present  invention  provides  a  cou-  15 
pier  which  may  be  used  as  a  2x4  component,  but  which 
can  also  function  automatically  as  a  1x4  component  by 
simply  utilizing  one  of  fibers  1  ,  2  as  the  launch  fiber.  In  4. 
this  respect,  while  the  invention  has  been  described  with 
respect  to  a  2x4  coupler,  it  will  be  appreciated  that  cou-  20 
pled  fibers  including  three  (3)  or  more  fibers  may  also  5. 
be  produced  without  deviating  from  the  present  inven- 
tion.  Other  modifications  and  alterations  will  occur  to 
those  skilled  in  the  art  upon  a  reading  and  understand-  6. 
ing  of  the  present  invention.  It  is  intended  that  all  such  25 
modifications  and  alterations  be  included  insofar  as  they 
come  within  the  scope  of  the  patent  as  claimed  or  the 
equivalents  thereof. 

7. 
30 

Claims 

1  .  A  fused  fiber  optic  coupler,  comprised  of: 
8. 

a  first  pair  of  axially  elongated  cylindrical  fibers,  35 
the  fibers  of  said  first  pair  each  having  a  circular 
transverse  cross-section  of  a  first  diameter, 
said  first  pair  of  fibers  being  in  fused  contact 
with  each  other  along  a  line  of  contact  and  form- 
ing  grooves  on  opposite  sides  of  said  line  of  40 
contact;  and 
a  second  pair  of  axially  elongated  cylindrical 
fibers,  the  fibers  of  said  second  pair  each  hav- 
ing  a  circular  transverse  cross-section  of  a  sec- 
ond  diameter  greater  than  said  first  diameter,  45 
one  fiber  from  said  second  pair  of  fibers  being 
disposed  in  each  of  said  grooves  and  fused  to 
each  of  said  first  pair  of  fibers. 

2.  A  fused  fiber  optic  coupler  as  described  in  claim  1  ,  so 
wherein  said  first  pair  of  fibers  are  wrapped  around  9. 
each  other  and  form  opposed  helical  grooves  on  op- 
posite  sides  of  said  line  of  contact. 

3.  A  method  of  forming  a  broadband  fiber  optic  cou-  55 
pier,  comprising  the  steps  of:  10, 

a)  arranging  a  first  optical  fiber  and  a  second 

optical  fiber  side-by-side; 
b)  bringing  said  first  and  second  optical  fibers 
together  into  intimate  contact  with  each  other; 
c)  simultaneously  heating  and  tensioning  said 
fiber  until  said  first  and  second  optical  fibers 
fuse  together,  said  two  fibers  forming  grooves 
along  opposite  sides  of  said  the  line  of  fusion; 
d)  positioning  a  third  optical  fiber  in  intimate 
contact  with  said  first  and  second  optical  fibers 
within  one  of  the  grooves  formed  by  said  first 
and  second  optical  fibers,  and  positioning  a 
fourth  optical  fiber  in  intimate  contact  with  said 
first  and  second  optical  fibers  within  the  other 
groove  formed  by  said  optical  fibers;  and 
e)  heating,  elongating  and  fusing  said  optical 
fibers  together  to  achieve  broadband  coupling. 

A  method  as  defined  in  claim  3,  wherein  said  first 
and  second  optical  fibers  have  the  same  diameter. 

A  method  as  defined  in  claim  3,  wherein  said  third 
and  fourth  optical  fibers  have  the  same  diameter. 

A  method  as  defined  in  claim  3,  wherein  said  first 
and  second  optical  fibers  are  brought  into  contact 
with  each  other  by  wrapping  said  fiber  around  each 
other. 

A  method  as  defined  in  claim  3,  wherein  said  first 
and  second  fibers  are  brought  into  contact  with 
each  other  along  a  flat  surface  formed  into  each  fib- 
er. 

A  fused  optical  fiber  coupler,  comprised  of: 

a  first  pair  of  axially  elongated  cylindrical  fibers, 
the  fibers  of  said  first  pair  each  having  a  circular 
transverse  cross-section  of  a  first  diameter, 
said  first  pair  of  fibers  being  in  fused  contact 
with  each  other  along  a  line  and  forming 
grooves  on  opposite  sides  of  said  line;  and 
a  second  pair  of  axially  elongated  cylindrical 
fibers,  the  fibers  of  said  second  pair  each  hav- 
ing  a  circular  transverse  cross-section  of  a  sec- 
ond  diameter  different  than  said  first  diameter 
of  said  first  pair  of  fibers,  one  fiber  from  said 
second  pair  of  fibers  being  disposed  in  each  of 
said  grooves  and  fused  to  each  of  said  first  pair 
of  fibers. 

A  fused  optical  fiber  coupler  as  described  in  claim 
8,  wherein  said  first  pair  of  optical  fibers  are 
wrapped  around  each  other  and  form  helical 
grooves  on  opposite  sides  of  said  wrapped  fibers. 

A  fused  optical  fiber  coupler  as  defined  in  claim  8, 
wherein  said  first  pair  and  second  pair  of  optical  fib- 
ers  are  parallel  to  each  other. 

6 
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11.  A  fused  optical  fiber  coupler  formed  by  the  process 
of: 

a)  arranging  a  first  optical  fiber  and  a  second 
optical  fiber  side-by-side; 
b)  wrapping  said  first  and  second  optical  fibers 
around  each  other  and  tensioning  said  first  and 
second  optical  fibers  to  bring  them  into  intimate 
contact  with  each  other; 
c)  simultaneously  heating  and  tensioning  said 
fibers  until  said  first  and  second  optical  fibers 
fuse  together,  said  two  fibers  forming  helical 
grooves  along  opposite  sides; 
d)  positioning  a  third  optical  fiber  in  intimate 
contact  with  said  first  and  second  optical  fibers 
within  one  of  the  grooves  formed  by  said  optical 
fibers,  and  positioning  a  fourth  optical  fiber  in 
intimate  contact  with  said  first  and  second  op- 
tical  fibers  within  the  other  groove  formed  by 
said  optical  fibers;  and 
e)  heating,  elongating  and  fusing  said  optical 
fibers  together  to  achieve  broadband  coupling. 

12.  A  coupler  as  defined  in  claim  11  ,  wherein  said  first 
and  second  optical  fibers  have  the  same  diameter. 

13.  A  coupler  as  defined  in  claim  11  ,  wherein  said  third 
and  fourth  optical  fibers  have  the  same  diameter. 

1  4.  A  broadband  fiber  optic  coupler  for  single  mode  fib- 
ers,  comprising:  a  thermally  fused  lateral  intersec- 
tion  of  four  optical  fibers  forming  a  drawn  fused  ta- 
pered  coupling  region,  a  first  two  fibers  of  said  four 
fibers  being  in  fused  coupled  contact  with  each  oth- 
er  in  said  coupling  region,  the  remaining  two  fibers 
being  disposed  on  opposite  sides  of  said  fused  fib- 
ers,  and  in  fused  coupled  contact  with  said  first  two 
fibers  wherein  said  remaining  two  fibers  are  equis- 
paced  from  said  first  two  fibers  in  said  coupling  re- 
gion. 

15.  A  coupler  as  defined  in  claim  14,  wherein  said  first 
two  fibers  have  substantially  the  same  diameter  in 
said  coupling  region. 

16.  A  coupler  as  defined  in  claim  15,  wherein  said  re- 
maining  two  fibers  have  substantially  the  same  di- 
ameter  in  said  coupling  region. 

17.  A  coupler  as  defined  in  claim  16,  wherein  said  re- 
maining  two  fibers  are  different  in  diameter  than 
said  first  two  fibers  in  said  coupling  region. 

18.  A  coupler  as  defined  in  claim  16,  wherein  said  re- 
maining  two  fibers  are  less  than  10%  larger  in  di- 
ameter  than  said  first  two  fibers  in  said  coupling  re- 
gion. 

19.  A  2x4  broadband  optical  fiber  coupler  comprising 
four  optical  fibers  fused  at  a  region  of  coupling,  with 
two  of  said  four  fibers  being  launch  fibers  and  ex- 
tending  through  the  region  of  coupling  to  provide 

5  output  fibers,  said  two  launch  fibers  being  in  fused 
coupled  contact  with  each  other,  the  remaining  two 
fibers  being  dissimilar  to  said  launch  fibers  and  be- 
ing  disposed  on  opposite  sides  of  said  launch  fibers 
in  fused  coupled  contact  with  both  of  said  launch 

10  fibers  wherein  said  remaining  two  fibers  are  equis- 
paced  from  said  launch  fibers  in  said  coupling  re- 
gion  and  the  dissimilarity  of  said  launch  fibers  from 
said  remaining  fibers  is  of  a  degree  to  provide 
broadband  response  over  a  predetermined  range 

is  of  wavelengths. 

20.  A  coupler  as  defined  in  claim  19,  wherein  said 
launch  fibers  are  identical,  and  said  remaining  fib- 
ers  are  identical  and  larger  than  said  launch  fibers. 

20 
21.  A  coupler  as  defined  in  claim  19,  wherein  said 

launch  fibers  are  identical  and  said  remaining  fibers 
are  identical,  and  the  dissimilarity  between  said 
launch  fibers  and  said  remaining  fibers  is  less  than 

25  10%  in  diameter. 

22.  A  coupler  as  defined  in  claim  19,  wherein  said 
launch  fibers  are  wrapped  around  each  other  and 
form  helical  grooves  on  opposite  sides  of  said 

30  launch  fibers,  and  said  remaining  fibers  are  dis- 
posed  in  said  helical  grooves. 

23.  An  optical  fiber  coupling  for  distributing  an  optical 
signal,  said  coupling  comprising  at  least  one  input 

35  optical  fiber  and  at  least  two  output  optical  fibers, 
said  optical  fibers  being  secured  together  along  re- 
spective  portions  of  their  elongate  sides  so  as  to 
permit  communication  of  said  optical  signal  there- 
between  and  being  arranged  and/or  relatively  di- 

40  mensioned  to  facilitate  accurate  and  uniform  align- 
ment  between  said  input  and  output  optical  fibers 
at  said  side  portions. 

24.  A  method  of  manufacturing  an  optical  fiber  coupling 
45  for  distributing  an  optical  signal,  said  method  com- 

prising: 

providing  at  least  one  input  optical  fiber  and  at 
least  two  output  optical  fibers; 

so  securing  together  said  optical  fibers  along  re- 
spective  portions  of  their  elongate  sides  so  as 
to  permit  communication  of  said  optical  signal 
therebetween;  and 
arranging  and/or  relatively  dimensioning  said 

55  optical  fibers  to  facilitate  accurate  and  uniform 
alignment  between  said  input  and  output  opti- 
cal  fibers  at  said  side  portions. 
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25.  A  fused  fiber  optic  coupler,  comprised  of: 

a  pair  of  elongate  optical  fibers  having  portions 
in  fused  contact  with  each  other;  and 
at  least  one  further  optical  fiber,  having  a  cross-  s 
section  different  to  that  of  each  of  said  pair  of 
fibers  and  fused  symmetrically  to  each  of  said 
portions  of  said  pair  of  fibers. 
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